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ABSTRACT 

We present new planet candidates identified in NASA Kepler quarter two public re- 
lease data by volunteers engaged in the Planet Hunters citizen science project. The two 
candidates presented here survive checks for false-positives, including examination of the 
pixel offset to constrain the possibility of a background eclipsing binary. The orbital pe- 
riods of the planet candidates are 97.46 days (KIC 4552729) and 284.03 (KIC 10005758) 
days and the modeled planet radii are 5.3 and 3.8 R®. The latter star has an additional 
known planet candidate with a radius of 5.05 R© and a period of 134.49 days which was 
detected by the Kepler pipeline. The discovery of these candidates illustrates the value 
of massively distributed volunteer review of the Kepler database to recover candidates 
which were otherwise uncatalogued. 

Subject headings: planetary systems - stars: individual (KIC 4552729, KIC 10005758) 
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Introduction 



The Kepler mission (Borucki et al. 2011) has made a remarkable contribution to our knowl- 
edge of the population statistics of planets beyond our solar system. Building on the legacy of 
ground-based planet searches that have utilised techniques including Doppler observations, transit 
photometry, microlensing and direct imaging to identify more than 700 exoplanets ( Schneider|2011 



Wright et al. 2011 


), more 


team (Batalha et al.||2012 



with a rapid, 29.4 minute, observing cadence with excellent photometric precision, approaching 30 
ppm (Gilliland et al. 2011). Data from the mission are being released to a public archive hosted 



by the Multi-mission Archive at STScI (MASlQ) and the NASA Exoplanet Archiv^} This paper 
reports the discovery of additional candidates made by visual inspection of the first four months of 
Kepler data by volunteer citizen scientists using the 'Planet Hunters]^] interface. 

The Planet Hunters website is one of several citizen science projects to make use of the Zooni- 



Lintott ct al. 


(2008 


) and 


Smith et al. 


(2010) 



December 16 and subsequently updated as described below, the site presents volunteers with data 
extracted from the Kepler archive, asking them to mark features which appear transit-like. Such 
classifications draw on the intrinsically human ability for pattern recognition, recognising features 
of interest despite the possible presence of glitches or other artifacts that would affect less-flexible 
machine learning approaches to the problem. While inspection of even a fraction of the Kepler 
dataset by a small number of experts would be prohibitively time consuming, by sharing the task 
between tens of thousands of volunteers Planet Hunters makes large-scale visual classification possi- 
ble. Having multiple independent classifications available in each case is also a significant advantage 
of this technique. The Planet Hunters website is available in English and in Polish^} 

The Planet Hunters approach is thus complimentary to that taken by the Kepler team, who 
have developed the Transit Planet Search (TPS) algorithm, a wavelet-based adaptive filter to 



identify a periodic pulse train with temporal widths ranging from 1 to 16 hours (Jenkins 2002 



Jenkins et al. 2010). Photometric uncertainties are assessed to identify light curves with phase- 
folded detection statistics exceeding a significance threshold and periods greater than 12 hours 
( Tenenbaum et aL||2012 ) . Additional data validation including further automatic light-curve fitting 
is then carried out, followed by visual review of likely candidates before they are identified as planet 
candidates, or Kepler objects of interest (KOI) ( Batalha et al.pOlO ). The thousands of discoveries 
made using these automatic routines are testament to their effectiveness, but is in important to 



2 http:/ /archive, stsci.edu/ 
3 http: / /exoplanetarchive. ipac.caltech.edu/ 
4 http:/ /www. planethunters.org 
http:/ /www. zooniverse.org 
6 Polish translations were provided by a team led by L. Mankiewicz and J. Pomierny 
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note that independent review using methods with different biases and sensitivities, such as that 
provided here, are important. The fact that candidates of interest are visually inspected by the 
Kepler team further underscores the importance of visual inspection in planet discovery. 



The first two Planet Hunters candidates were reported by Fischer et al. (2012) following analysis 



of classifications made during the first month of the site's operation. Following the framework 



presented in Morton & Johnson (2011), the false positive probabilities for these candidates were 
0.3% and 5.0%, low enough to present confident detections of candidates. While these candidates 



were found via simple inspection of classifications provided by volunteers, Schwamb et al. (2012) 



have since undertaken a systematic analysis of candidates in order to measure efficiency using 
synthetic planets inserted into the data and the Kepler sample of planets with periods less than 15 
days. Although performance drops rapidly for smaller radii, reaching 50% for 2 — 3i?e, above 4i? ffi 
Planet Hunters is approximately 90% efficient at identifying transits. 



2. Identifying Transits 

Kepler data from the first quarter were released in 2010 June, followed by the second quarter 
in 2011 February, and these two data sets formed the basis of the search reported in this paper. 
The 'quarter 1' data release consists of the first 33.5 days of Kepler science data, while 'quarter 
2' contains 93 days of observations from 2009 May 1 to 2009 September 17. Data quality varied 
between the quarters, with quarter 2 data suffering from a greater number of artifacts. These were 
primarily due to sudden changes in brightness caused by sudden intentional changes in pointing 
performed to compensate for the larger than expected pointing drift experienced during quarter 2 



Christiansen et al. (2011 ). The effect of this change in data quality on detection efficiency will be 



discussed in a later paper. 



The Planet Hunters interface was described in Fischer et al. (2012). Following the viewing of 
an extremely short in-line tutorial, volunteers were presented with a randomly selected light curve 
from initially quarter 1 and then both quarters 1 and 2 of Kepler data. In order to present data 
from both quarters in a consistent manner, quarter 2 data is split into sections of 30 days, each 
with a 5 day overlap, so that nothing is lost between segments. After answering a small number of 
questions, used in more systematic searches of the data, the volunteer can then mark the position 
of one or more transits. After at least five classifications the light curve was withdrawn from 
classification; in total, between 5 and 10 classifications are obtained for each light curve. 



3. Kepler Planet Hunters Candidates 



The latest release of Kepler candidates, from the first sixteen months of data, includes nine 
systems in which planet candidates were independently discovered by Planet Hunters (Batalha 
et al. 2012). In this paper, we report on two additional new candidates which were discovered by 
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Planet Hunters but not by the procedures used by the Kepler team. These candidates were initially 
drawn to the attention of the science team by posts on the 'Talk' section of the Planet Hunters 
websitfQ Talk is an object-orientated discussion tool which is integrated with the classification 
process, designed to enable discussion about objects of interest which can then be easily brought 
to the attention of the science team. In particular, Lubomir Stiak collected likely candidates from 
posts by other users, particularly Kian Jek and Jari Paakkonen for the two candidates discussed 
here. Each candidate was also viewed in the main Planet Hunters interface (see figure [I]) by multiple 
volunteers who successfully marked the relevant transits. Along with other likely transits, these 
were passed to our Kepler co-authors who were able to examine the light curves with their data 
verification pipeline, confirming that the objects discussed here were likely planet candidates. 

In addition to the two sources discussed below, transit-like events were identified in quarters 1 
and 2 for the stars KIC 3326377, 5511081, 6504954, 7761918, 8160953, 11875734, 6268648, 5864975. 
Additional transit-like events were identified in KIC 5371776. These candidates had already in- 
dependently been identified by the Kepler team and are included in the Batalha et al. (2012) 
catalogue. 



3.1. KIC 4552729 



KIC 4552729 is listed in the Kepler Input Catalog ( |Brown et al.|2011[ ) with a magnitude of 14.98 
and a g-r colour of 0.982. T eff is 4620 K, log (g) is 4.390, [Fe/H] is 0.267 solar and R=O.977R . The 
light curve for this star for quarters 1-6 of Kepler data, smoothed to remove intrinsic longer-term 
stellar variability, is shown in Figure [2j 

A single transit was first identified in quarter 2 via the Planet Hunters interface, initially 
by Robert Gagliano and then by seven other Planet Hunters volunteers. Inspection of additional 
data reveals that transit events with a depth of approximately 0.3% are clearly seen in quarters 
2,3,5 and 6, repeating with a 97.5 day period. An expected transit in quarter 4 fell in a gap in 
observations. While transits in quarters 3, 5 and 6 were identified by TPS, the star did not pass 
the Kepler data verification process due to the presence of large systematics in the data (Batalha, 
private communication) which affected the fit, preventing the source from being passed for further 
feedback. More specifically, the presence of these systematics resulted in statistics being returned for 
an erroneous period. Upgrades to the pipeline carried out since the discovery have improved outlier 
detection, and KIC 4552729 is now detected by the pipeline (Jenkins, private communication). In 
addition, the shape and depth of the events seem consistent with the presence of a planet. 



A least squares fit was made to the data, using the Mandel & Algol (2002) transit model and 



non- linear limb darkening parameters from Claret &; Bloemen (2011 ). The mean stellar density was 



7 http://talk. planethunters.org. The code is available under an open-source license at 

https://github.com/zooniverse/Talk 
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a free parameter and a circular model was assumed. Assuming the stellar parameters given above 
are accurate (despite potentially errors as large as ~ 50% ( Verner et al.||20lT ; Brown et al.||20ll )), 
and based on all observed transits, we obtain an orbital period of 97.45502 ± 0.00094 days and an 
impact parameter of 0.765 ± 0.037. The derived planetary radius is 0.0502 ± 0.0028R*, or 5.3Re- 
The fit is illustrated in figure [3| The mean stellar density of this fit 0.238 ± 0.072 gcm~ 3 , which is 
low compared to what might be expected for a star of the given temperature and surface gravity 
which might indicate a (sub)giant, although the KIC radius is too small for such a star. Further 
spectroscopy would help in constraining the mean stellar density and hence the fit. Similar results 
were obtained when a curve was fitted to the data using a Levenberg-Marquardt least-squares 
fitting routine, using the MPFIT IDL routine (Markwardt et al. 2009). 

However, there are indications of significant transit timing variations (TTVs) with an approx- 
imate amplitude of an hour, which indicate the presence of another mass in the system. As a full 
cycle of TTVs is not observed in the currently available public data, the mass of this companion 
is unconstrained. However, removing the TTVs to produce a linear ephemeris the fit improves, 
and we obtain an orbital period of 97.45530 ± 0.00094 and an impact parameter of 0.329 ± 0.037. 
Critically, the mean stellar density obtained is 1.545 ±0.072gcm -3 , more consistent with the known 
stellar properties. The derived planetary radius is 0.0436 ± 0.0013R*, or 4.65R®. 

Independent measurements of the mass of the transiting object are not available, and so KIC 
4552729 is a planet candidate rather than a confirmed planet. The possibility remains that the 
transits are due not to a planet, but to the presence of a background eclipsing binary. The blending 
of light from such a system with that from the brighter foreground star can result in a composite 
light curve with a sufficiently shallow transit depth to cause confusion. 

A common method of constraining the presence of a background eclipsing binary is to examine 
any offset in position in and out of transit. If the transit is occurring on the central source, no net 
apparent motion is expected. If a background binary is responsible, then the changing brightness 
ratio between foreground and background star will result in an apparent centroid shift. The average 
multi-quarter offset from quarters 1 to 8 for this candidate is 1.5a, providing support for a planetary 
origin for the transits. 



3.2. KIC 10005758 



KIC 10005758 is listed in the Kepler Input Catalog ( |Brown et al. 2011) with a magnitude of 



13.9 and a g-r colour of 0.410. T gff is 6015 K, log(g) is 4.692, [Fe/H] is -0.247 solar and R=O.766R . 
The light curve for the first six quarters of Kepler data is shown in figure [4] and shows two separate 
sets of transits. Planet Hunters volunteers, initially Joe Gilardi and Tjapko Smits, identified the 
transit visible in quarter 2^J which took place roughly 69.3 days after the beginning of quarter 1. 

8 The transit lay in a region which was shown in two separate Planet Hunters lightcurves 
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Inspection of data from quarters 4-6 data, made public in January 2012, show that this transit 
signature, with an depth of 1666 ppm, is repeated 284 days later. 

While each individual transit was detected by TPS, this set of transits was not identified by 
the Kepler review process used by the team (Batalha, Jenkins, private communication) and the 
system was not promoted to KOI status. The Kepler team did identify a second series of transits 
with a shorter period, with a depth of 3801 ppm which is first seen 172 days after the beginning 
of Quarter 1, and repeats with a roughly 132 day period. The first of this series falls between the 
period covered by quarter 1 and that covered by quarter 2, and was thus not visible in the data. 



KIC 10005758 is thus identified in Batalha et al. (2012) as a single candidate system, which our fit 
indicates has a radius of R=6.6O6R,0. 

Fitting was carried out as before, and is illustrated in Figure [5] The mean stellar density 
derived from the fit is 0.742 ± 0.071gcm and other derived parameters are given in table [l] The 
two planet candidates are fitted simultaneously, assuming circular orbits. 

The detection of two separate series of transits dramatically lowers the chance of contamination 
by background eclipsing binaries, requiring two binaries to account for both sets of transits. In 
addition, the average multi-quarter offset in pixel position reported for this candidate is only 0.8cr, 
supporting the interpretation, initially made visually, that this is not a background eclipsing binary 
but rather an additional planet candidate. KIC 10005758 is therefore likely to be a multi-planet 
system. 

The presence of two planet candidates make this one of hundreds of Kepler systems with 



multiple transiting planets (Batalha et al. 2012). As a doubly-transiting system, this candidate is 



more valuable than a star with only one transiting planet (Ragozzine Sz Holman 2010), at least in 



part because multi-transiting systems are more robust and reliable ( Latham et al.|2011 ). Estimates 
of the false positive frequency in doubly-transiting systems suggest that the probability of two false 



positives is very low, because each false positive is a rare and independently random event (Lissauer 



et al. 2011). The apparent TTVs noted above for KIC 4552729 suggest that this argument can 



be used to support that claim, but the presence of two candidates in the KIC 10005758 system 
increase the likelihood that they are true planets by a factor of ~10, with the main false positive 
mode being one true planet around the target star and one background eclipsing binary or a planet 



around another star (Lissauer et al. 2011). In some cases, a near-resonant ratio of periods is an 



Candidate 


KIC 10005758b 


KIC 10005758c 


Orbital Period (days) 
Impact Parameter 
Planet Radius (R*) 
Planet Radius (R©) 


134.47975 ± 0.00060 
0.888 ±0.019 
0.0790 ± 0.0039 
6.606 


284.0433 ± 0.0022 

0.791 ±0.016 
0.04532 ± 0.00071 
3.790 



Table 1: Derived parameters for candidates associated with KIC10005758. KIC10005758b was 
identified by the Kepler team, and KIC10005758c by Planet Hunters volunteers 
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additional strong indicator that two candidates are planets in the same system, but the period ratio 
of 2.11 does not provide a compelling likelihood boost. 



Lissauer et al. (2011) note that a pair of planets initially on coplanar circular orbits will be 
stable if they can never develop crossing orbits, which will be true when the following condition is 
met : 

A=^-^>2V3 (1) 
Kh 

where Rh is the radius of the mutual Hill sphere for the two planets. For the system discussed 
here, A = 9.4 and so the system meets this condition for orbital stability. 



4. Discussion 

We have presented evidence which supports the discovery of two new planet candidates around 
the stars KIC 4552729 and KIC 10005758 by volunteers using the Planet Hunters citizen science 
interface. As with many Kepler candidates, they are unsuitable for ground-based confirmation 
via radial velocity measurements, with a signal much smaller than the 4-5 ms _1 errors typically 
obtained. However, the presence of these candidates indicate that visual inspection can provide 
a valuable additional and complementary technique to the combination of algorithm and expert 
review used by the Kepler team. As with the two Planet Hunters discoveries reported by |Fischer et 



al. (2012), the two candidates presented here were identified by the Transit Planet Search algorithm 



as threshold crossing events but were not promoted to candidate of KOI status. 

By estimating the albedo of the planet, it is possible to estimate the equilibrium temperature 
for the two planet candidates. Following the prescription of Borucki et al (2011) we calculate 
the equilibrium temperature for a spherical airless gray body assuming a Bond albedo of 0.3 and 
emissivity of 0.9. We assume the body is rotating sufficiently fast that the body evenly reradiates 
the absorbed stellar flux. Using the planet orbital period and stellar density derived from the 
fits described above, and assuming the KIC reported stellar temperature, we find an equilibrium 
temperature of 320K and 330K for the planets discovered by volunteers around KIC 4552729 and 
KIC 10005758 respectively. If, alternatively, the values for the host star's log(g), stellar radius, 
and temperature are taken from the Kepler Input catalog, we obtain an equilibrium temperature 
of 429K and 257K respectively for the KIC 4552729 and KIC 10005758 candidates. If we adopt 
the greenhouse warming typical of an Earth- like atmosphere (33K), surface temperatures would be 
353K for KIC 4552729 and 363K for KIC 10005758 (462K and 286 K respectively assuming KIC 
stellar parameters), placing both our discoveries potentially in the habitable zone of their parent 
stars. Although in each case the planets are likely to be too large to have rocky surfaces, the 
possibility of habitable moons with rocky or watery surfaces remains. 

The performance of the TPS system continues to be excellent, as shown by the large number of 
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candidates in Batalha et al. (2012), many of which were independently recovered by analysis of the 
Planet Hunters results. However, the presence of identifiable and viable candidates recovered only 
by pure visual inspection continues to support the use of this novel and complementary technique, 
particularly as analysis of planet populations which much make assumptions about the completeness 
of Kepler candidates becomes more common. Although the candidates presented here and in [Fischer 



et al. (2012) were not missed through human error, as visual inspection also plays a role in the 



Kepler analysis process, it is perhaps significant to note that review by a large number of inexpert 
reviewers can, with appropriate weighting, be more accurate than review by a small number of 
experts (Lintott et al. 2008). Planet Hunters is essentially a sensitive search for single transits, 
which can then be used to flag datasets of especial interest for further examination. This ability is 
particularly important for systems where features such as significant transit timing variations make 
routines based on fitting multiple transits ineffective ( Garcia- Melendo & Lopez-Morales 2011). 



The data presented in this paper are the result of the efforts of the Planet Hunters volunteers, 
without whom this work would not have been possible. In addition to those volunteers listed 
as authors, the following list of people flagged transit events for the light curves discussed in this 
paper: Pamela Fitch, Dr Johann Sejpka, Gregoire P.A. Boscher, Matthew Lysne, Thanos Koukoulis 
and Andre Engels (KIC 4552729); Ben Myers, Daniel Posner, Terrence Goodwin, Theron Warlick, 
Charles Bell, David Lindberg, Sean Parkinson, Samuel Randall, Eduardo Marino, Frank Barnet, 
Terrence Goodwin, Ewa Tyc-Karpinska, Heinz W. Edelmann, Lynn van Rooijen-McCullough, Gary 
Duffy, 'kamil', Branislav Marz, 'Adnyre', Colin Pennycuick (KIC 10005758) 
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Fig. 1. — Quarter 2 data for KIC10005758 viewed in the Planet Hunters interface 



-12- 



X 
3 



CD 
> 
'a-> 
_tT3 

CD 
CC 




Days from Quarter 1 



x 



CD 
> 

CU 
CC 





r 1 




Days from Quarter 1 



Fig. 2. — Light curves from quarters 1 to 6 for KIC 4552729, with transits identified by a solid 
red line. Large amplitude variability has been removed by the dividing out of a smoothed curve, 
produced via the application of a box car filter with a width of 2.33 days. 
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Fig. 3.— Fit to the folded light curve for KIC4552729 



-14- 



1.001 
1.000 
0.999 
0.998 
0.997 
0.996 





T_r _ fp T 1 


^.J. 1^ _j JT 


■7lT T -JE^-j 


1 Q1 










Days from Quarter 1 




Fig. 4. — Light curves for quarters 1 to 6 for KIC 10005758, with transits belonging to the series 
identified by Planet Hunters marked by a dashed red line and those from the series identified by 
the Kepler team by a solid green line. 
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Fig. 5.— Fit to the folded light curve for KIC10005758b (top) and c (bottom), the latter the 
candidate identified by Planet Hunters volunteers. 



